Manipulation of the pCLE probe, however, plays a crucial part in obtaining consistency with such highly magnified images. The probe tip requires steady contact with the tissue, regardless of movement of the operator, bowel mobility, peristalsis and cardiorespiratory movement. Small variations in contact force demonstrably alter the image and the information acquired, especially at low-magnitude contact forces. The effect of contact force between pCLE probe tip and colonic tissue is to alter crypt morphology [10] . A "compression effect" is seen in pCLE of the peripheral lung [11] , and pressure effects have been shown in probe-based spectroscopic methods [12] .
There are two main approaches that can facilitate steady tissue contact with the probe tip, hence obtaining consistent images: passive force control, and active force control. The passive force control approach [13] can maintain steady tissue contact regardless of tissue motion by pushing the probe hard against the tissue with high-magnitude force, which must be more than a few hundred millinewtons. Variation in the contact force due to tissue motion does not alter steadiness of the tissue contact as long as the magnitude of the contact force remains above a few hundred millinewtons. Active force control, as the name implies, can maintain steadiness of the tissue contact by actively controlling the contact force to remain at the desired force magnitude. The later is preferred over the former for the following reasons: 1) it allows low-magnitude contact force which facilitates sliding the probe over the tissue for mosaicing of the tissue images [14] , 2) it permits the magnification of tissue structures to be varied as the operator desires (for example, by keeping magnitude of the contact force low, the number of colonic crypts that can be seen in an image can be increased without mosaicing of images [14] ), and 3) it prevents inadvertent exertion of large forces that can damage or perforate the tissue.
Various force control systems or devices have been developed for different medical applications. To aid in peeling of skin grafts, Duchemin et al. [15] [16] developed a robotic system for maintaining a desired contact force. Force control for grasping soft tissue is presented in [17] . To assist in a mitral valve repair procedure, a force control hand-held instrument was designed and developed [18] . To make minute forces big enough to be felt by the hand in micromanipulation, hand-held force magnifying devices have been developed [19] [20] . Although these systems can D 2012 IEEE/RSJ International Conference on Intelligent Robots and Systems October 7-12, 2012. Vilamoura, Algarve, Portugal control contact force, they are not designed for use with pCLE probes.
A force control system using a robotic endoscope to maintain constant contact force between the tissue and the pCLE probe is described in [21] [22] . The probe runs through the operating channel of the endoscope and the contact force at the distal tip is inferred from a force/torque sensor mounted at the proximal-end of the probe. Since the system is designed for use with a robotic endoscope, it is impractical for use during open surgery or when evaluating ex vivo tissue samples.
To provide surgeons with a versatile platform for pCLE examination in cases that do not require minimally invasive access, a hand-held instrument [9] was previously created which compensates for contact force variations owing to tissue motion and erroneous or involuntary motion of the hand. To enhance acquisition of consistent pCLE images in minimally invasive surgery while maintaining simplicity and facilitating versatile use in evaluation of ex-vivo tissue samples, a new hand-held instrument is designed and developed. Example applications in which the new instrument can be used include transanal endoscopic microsurgery [23] , and laparoscopic surgery.
II. METHODS

A. Actuator Selection
Since the instrument is designed to be hand-held, the actuator needs be small, lightweight, and sufficiently fast to compensate for the disturbance force due to tissue motion as well as erroneous motion of the operator"s hand. Erroneous motion of the hand has three main components: physiological tremor [24] , jerk [25] , and drift [26] . The frequency band of physiological tremor for a well-supported hand is 8 to 12Hz.
It has been discussed in our previous study [9] that the effect of physiological tremor on image consistency is negligible due to the relatively small amplitude of motion. Jerk is a higher frequency component that occurs rarely. Drift is a low frequency component (mostly less than 3Hz), and its amplitude can be a few hundred microns when the arm is well-supported [27] and can reach a few millimeters if it is not well-supported.
To compensate for tissue motion, the actuator must have sufficient stroke length to cover the range of motion of the tissue, and be sufficiently fast for its bandwidth. Breathing and cardiac beating cause significant range of motion of tissue. Average liver tissue movement due to breathing is reported to be approximately 10mm [28] , while the range of motion of the mitral valve of a heart is approximately 20mm [1] .
Therefore, the bandwidth of the actuator should be higher than 3 Hz while its stroke length should be approximately 20 mm. Finally, to ensure versatility across different clinical scenarios, the actuator should be sufficiently strong in order to provide up to a few Newtons of force. Based on the above specifications, a linear DC-servomotor (LM 1247-020-01, Faulhaber, Germany) is chosen in preference to other types of actuators for its compactness, rapid response, adequacy of stroke length and force.
B. Instrument Design
The instrument consists of a linear three-phase DCservomotor integrated with analog Hall Sensors (LM 1247-020-01, Faulhaber, Germany), a force sensor (8438 5005, Burster), and a 2.5mm diameter pCLE probe (Cellvizio Coloflex UHD, Mauna Kea Technologies, Paris, France). Figure 1 shows the instrument and its scale in comparison to an operator's hand. The proximal-end unit consisting of the force sensor and the linear motor measures approximately Ø32×100 mm. The whole instrument measures 350 mm in length, and 150 grams in weight. The instrument body and the connecting parts such as the heads of the out-and innershaft, are fabricated with Vero black material using a rapid prototyping machine (Objet EDEN350 TM , Objet Geometries Ltd., USA). The instrument handle is made of aluminum while the inner-shaft is a brass tube (OD 4mm, ID 3.2mm). The linear DC-servomotor employed can provide a total stroke length of 20 mm and continuous force of 3.6 N. It measures approximately 12.5×12.5×50 mm, and weighs 57 grams including the actuator shaft. (1), the outer-shaft (2), the inner-shaft (3), the inner-shaft head (4), the pCLE probe (5), the pCLE probe tip (6), the force sensor (7), the motor shaft (8) , and the instrument handle (9).
Unlike its predecessor [9] , the force sensor in this instrument is placed at the proximal-side of the instrument. The force sensor employed can measure up to 5N of force. Forces at the tip of the probe are transmitted to the sensing area of the force sensor courtesy of a set screw that grips the pCLE probe to the inner-shaft that is attached to the force sensor via a screw and a linkage (Figure 2 ). The force sensor is fixed at the distal-end of the motor shaft. The pCLE probe has a Ø2mm cable and Ø2.5mm head. However, the design allows other sizes of pCLE probes to be readily used. The force sensor output is amplified using an instrumentation amplifier. The amplifier output is then fed into an analogue input module of a CompactRIO real-time motion controller (CRIO-9114, National Instruments Corp., USA). Root mean square (RMS) sensing noise at the input of the controller is approximately 1.5 mN. The outer-shaft features two linear plastic bearings (ASM-0407-6, Igus® Inc) with outer and inner diameters of 7mm and 4mm, respectively, to provide guidance for the inner-shaft motion, thereby reducing friction. The diameter of the outer-shaft is 9mm, which is small enough to be inserted into most operative ports. (1) is gripped by a set screw (2) to the inner-shaft head (3), which is tightly fitted to the inner-shaft (4). The inner-shaft supported by bearings (5) is then connected to the force sensor (6) by means of a screw (7) and a linkage (8) .
C. Closed-loop Force Control
For the proposed device, a block diagram of the force feedback closed-loop system is shown in Figure 3 . 
III. EXPERIMENTS AND RESULTS
A. Bench Tests
Since the force sensor is placed inside the proximal-end unit of the instrument, the force measured by the sensor is the combination of the tissue contact force and the friction between the bearings and the inner-shaft. Consequently, accurate real-time estimation of the friction force and tissue motion is required for accurate control of the contact force.
To evaluate force control performance of the instrument, detailed laboratory evaluation was conducted. As shown in Figure 4 , the instrument was clamped at the handle with a vice on the table, and positioned in such a way that perpendicular contact force between the pCLE probe tip and the simulated soft tissue can be measured by a piezoresistive force sensor (FSS1500NS, Honeywell). The piezoresistive sensor was also attached at the end of the shaft of a linear motor (LM0830-015-01, Faulhaber), which provided simulated tissue motion due to respiration. Situated between the force sensor and pCLE probe, a piece of foam was used as the simulated soft tissue. RMS sensing noise of the piezoresistive force sensor is approximately 1 mN. Magnitudes of the desired tip contact force were varied step-by-step from 0 to 800 mN with 100 mN of increment after each step. The simulated tissue was made stationary while desired contact forces were varied. The desired tip contact force, the force measured by the force sensor at the proximal-end, and the measured tip contact force are shown in Figure 5 .
Force control performance was tested where the desired tip contact force is sinusoidal with a peak-to-peak magnitude of 800 mN at 0.2 Hz. Results are shown in Figure 6 . The maximum error of the tip contact force is approximately 120mN without friction compensation. This is reduced by about 50% to 60mN peak with friction compensation, performed by adding or subtracting a pre-determined friction force to or from the desired force, and subsequently using the resultant desired force as the input to the controller. Addition or subtraction was performed in the knowledge of the force trajectory. 
B. An Ex vivo Test with Porcine Bowel Tissue
Prior to in vivo animal experimentation, a simulated in vivo environment was created using porcine bowel tissue, as shown in Figure 7 . The instrument was inserted through one of the two holes inside the trocar, and clamped so that the pCLE probe pointed at the desired tissue location. As shown in Figure 8 , the force levels were varied step-by-step. The error between measured force at the proximal-end sensor and the desired tip contact force is approximately 4mN RMS. 
C. In vivo Porcine Experiment
A live porcine trial was conducted under ethical approval (80/2297) to evaluate the potential clinical performance of the instrument. The instrument was evaluated in the context of transanal endoscopic microsurgery, a minimally invasive technique for the local resection of rectal tumours. In vivo examination of the rectum was performed using pCLE.
The trocar (#24941 TK, Karl Storz GmbH, Germany) was inserted transanally. The standard trocar cap was replaced with a customized cap consisting of an elastic sealing diaphragm that accommodates two holes for insertion of the endoscope and instrument integrated with the pCLE probe. The purpose of the diaphragm is to maintain effective pneumorectum. The modified trocar has an outer diameter of 40 mm and a working length of 75 mm. The instrument integrated with the pCLE probe was inserted through one of the two holes in the diaphragm while the endoscope (Ø5 W/o compensation With compensation mm) was inserted through the other hole. Pneumorectum was maintained throughout. In the first step, the instrument"s handle was clamped to the operating table with a Martins Arm in such a manner that the pCLE probe tip pointed at the desired tissue location in the porcine rectum. Desired contact force levels were set at 50 mN, 150 mN, 300 mN, 500mN , and 1000 mN, with each level lasting approximately 30 s. In the second step, the instrument"s handle was held by hand. Contact force control was performed with the same set of desired contact force levels. The pCLE images acquired at 12Hz during the contact force level of 1000 mN are shown in Figure 10 .
(a) (b) Figure 9 Acquisition of pCLE images in the porcine trial using the instrument which was clamped (a), and handheld (b). The instrument (1), the trocar (2), the instrument for endoscopic camera (3), and the pCLE probe (4) are identified. 
IV. DISCUSSION
The pCLE probe in its current form is highly flexible and therefore, from the outside, it is difficult to position its tip at an arbitrary desired tissue location inside the body without an internally aided structure. The objective of the instrument design is not only to provide steady contact between the probe tip and the tissue in minimally invasive procedures but also to aid the positioning of the pCLE probe tip inside the body cavity so that it can acquire images from tissue locations that are accessible through manipulation in linear direction.
Although the instrument was evaluated in a transanal endoscopic microsurgery set-up, it can readily be used in other minimally invasive procedures such as laparoscopic surgery and in the examination of tissues inside the peritoneal cavity, as the external diameter of the instrument"s outer-shaft is smaller than the internal diameter of most laparoscopic ports.
Compared to the robotic endoscope [22] , the instrument described in this paper is simpler, less expensive, and inherently more accurate in force sensing. This is due to the fact that the instrument shaft is straight. The limitation of the instrument in its current form is its inability to direct the probe tip to rectal mucosa where curved access is required. However, in the transanal endoscopic microsurgery set-up, the system is capable of positioning the tip of the pCLE probe on all four quadrants of the visible rectal mucosa wall.
Examining Figure 5 and Figure 8 , performance of force control based on the proximal-end force sensor was deemed to be satisfactory. However, due to friction between the inner-shaft and the bearings, the contact force at the tip could not be estimated precisely and therefore its control might not be as accurate as desired. As demonstrated in Figure 5 and Figure 6 , the magnitude of force of error is within the range of a few hundreds millinewtons. It is therefore difficult to maintain steady tissue contact at lowmagnitude contact force. Incidentally, movements of the proximal end of the pCLE probe affected the accuracy of contact force sensing.
Despite tissue motion due to deformation in pneumorectum, the instrument was able to maintain steady tissue contact at high-magnitude forces and we were able to obtain consistent images when the contact force was set at 1N ( Figure 11) . However, the image consistency was affected at low-magnitude contact forces and therefore in its current form, the instrument might not be suitable to facilitate fine movements of the probe tip for the purposes of constructing "mosaics" for a larger field of view.
During this in vivo study, the absence of a rectosigmoid junction in the porcine model caused difficulties in maintaining consistent pneumorectum pressures. As a result, the rectal tissue was inadequately distended and was relatively flaccid in comparison to the equivalent human setting. This caused inadvertent contact with the rectal mucosa, and therefore reduced the accuracy of pCLE probe tip contact force sensing. The lack of an adequate consistent endoscopic view, along with the floppiness of the rectal mucosal wall, might have resulted in the inner shaft head coming in contact with the rectal wall instead of the pCLE probe tip. This might explain the deterioration of images despite high contact force levels.
In summary, this novel hand-held instrument provided the operator with the ability to maintain steady tissue contact at high-magnitude contact forces, and due to the rigidity of the shaft guiding the probe, to position the probe at desired tissue locations. Furthermore, the unique force-sensing properties exhibited by the instrument might help prevent the exertion of excessive contact forces, which otherwise could potentially damage or perforate the tissue.
V. CONCLUSION
A prototype hand-held instrument to aid in the acquisition of consistent pCLE images in MIS has been designed and developed. Future work includes improvement of the instrument design to overcome the discovered issues. By replacing some parts made from the Vero black material with metal, further instrument robustness will be achieved.
